A key trend in high-throughput screening is assay miniaturization to control reagent costs and increase throughput. For this purpose, liquid-handling devices are used that transfer nano-to low-microliter volumes into all currently used microtiter well plates. One drawback of many available dispenser and pipetting systems are high dead volumes. Therefore, the authors were looking for an easy and simple solution to modify their standard liquid-handling device, PerkinElmer's FlexDrop™ Precision IV, allowing for a dead volume reduction to receive maximum benefit from miniaturized assay formats. Internal reservoirs were developed and constructed by Schering's Technical Development Laboratory (TDL), which are directly connected to the dispenser banks of FlexDrop™ without tubing. Using these newly built reservoirs, the dead volume was decreased by a factor of 5 in comparison to the manufacturer's reservoirs without compromising liquid-handling parameters such as accuracy and precision. The modified system displayed a high robustness and reliability under routine high-throughput screening conditions. (Journal of Biomolecular Screening 2006:407-412) Bergsdorf et al. 412 www.sbsonline.org Journal of Biomolecular Screening 11(4); 2006 FIG. 4. Time resolved-fluorescence resonance energy transfer kinase assay. (A) Scheme of assay protocol. (B) Quality parameters of assay run, signal/background ratio (gray bars), Z′ factor (white square).
INTRODUCTION
O VER THE PAST FEW YEARS, the driving forces influencing the high-throughput screening (HTS) process were 1) the rapidly increasing number of targets identified by genomics and 2) the expansion of the substance library size by synthesis of compounds using automated combinatorial chemistry. 1 As a consequence, the number of data points annually generated in HTS laboratories has grown enormously over the past few years. However, the budgets for reagents and consumables remain constant. To deal with the challenge of cost pressure and rapidly increasing number of data points, HTS assays have been miniaturized to reaction volumes less than 5 µl. Furthermore, introduction of higher density microplates with up to 1536 wells increased throughput. 2 In parallel, these measures did not compromise data quality, allowing the run of cost-efficient HTS assays.
One of the key requirements to implement miniaturized assay formats in the current HTS process is that liquid-handling devices are being used either for 1) nanoliter compound reformatting 3 or 2) low microliter reagent additions into microtiter well plates. This development is underlined by a customer survey on nanoliter liquid-handling devices that highlighted strong annual growth rates for these systems of 45% to 65% in the years 2004 and 2005, 4 respectively. Especially, the assay run itself needs low-volume bulk dispenser systems, enabling submicroliter additions into different microtiter well plate formats. The available bulk dispensers on the market are dominated by systems working in a noncontact manner using valve syringe and pressure bottle techniques. A user survey showed that the following specifications are expected from bulk dispenser systems 4 : 1) dispense volumes down to 0.5 µl, 2) high robustness and reliability, 3) low cost price/running costs, 4) simplicity and fast setup times, 5) high potential for automated integration, 6) support of all currently used microtiter well plate formats, and 7) a low system dead volume of nearly zero. In particular, the latter issue was ranked in this survey as one of the most desirable features of a nanoliter dispenser system. Large system dead volumes (>10 ml) combined with low volume additions (<3 µl) lead to a strong decrease of the effective dispense volume (up to 70% is lost in dead volume), which can be used in the assay (Fig. 1A) . As a result, a large portion of the reagent costs savings being gained by miniaturization is neutralized by the system dead volume. Therefore, 1 key requirement to obtain maximal benefit from miniaturization is the usage of liquid-handling devices with a minimal dead volume.
In this article, we present a simple modification of the commonly used bulk dispenser system, PerkinElmer FlexDrop™ Pre-cision IV, to reduce the system dead volume by a factor of 5, enabling the run of cost-efficient HTS campaigns.
MATERIALS AND METHODS

Materials and devices
Fluorescein isothiocyanate was obtained from Sigma (Deisenhofen, Germany). DMSO and all other chemicals were purchased from Merck (Darmstadt, Germany). Black microplates were supplied by Greiner (Frickenhausen, Germany) in 384-well (F-bottom, 125 µl, cat. no. 781076) and 384-well small-volume (F-bottom, 25 µl, cat. no. 784076) formats.
To perform all experiments, the following devices were used:
1. liquid handling was carried out with the bulk dispenser system FlexDrop™ Precision IV from PerkinElmer (Rodgau, Germany); 2. fluorescence intensity measurements were performed on an Acquest™ from Molecular Devices GmbH (Ismaning, Germany); 3. for time resolved-fluorescence resonance energy transfer (TR-FRET) measurements, a RubyStar from BMG LabTechnologies (Offenburg, Germany) was used; and 4. all gravimetrical determinations were executed on a Mettler AT250 analytical balance (Giessen, Germany).
Construction and usage of internal reservoirs
The internal reservoirs were developed and manufactured by the Technical Development Laboratory (TDL) at Schering AG (Berlin, Germany). The reservoirs consist of 6 parts ( Fig. 1B) : 1) a glass pipe with screw thread at both ends was manufactured by inhouse glassblowers using Schott Duran laboratory glass (Mainz, Germany), 2) an adaptor for system pressure supply was produced from polytetrafluoroethylene (PTFE) plastic material (RELI Kunststoffe, Berlin, Germany) by a CAD tool, 3) an adaptor to connect reservoirs directly to a dispenser bank was manufactured from glass fiber-reinforced PTFE plastic material (RELI Kunststoffe), 4) and 5) silicon gaskets are used to seal the connection between adaptors and glass pipe, and 6) an NBR O-ring serves as a gasket between reservoir and dispenser bank. The manufacturing costs of internal reservoirs in a small production series (5-10 pieces) amount to approximately €50 per modification. The reservoirs can be completely disassembeled, which facilitates effective cleaning of the system. The reservoirs are available in 2 sizes with a capacity of 28 and 50 ml, allowing, for example, filling of 32 and 62 plates with 384 wells with 2 µl per well, respectively.
Priming procedure of FlexDrop™ with internal reservoirs
Because the FlexDrop™ software does not offer an option to regulate the system priming volume depending on the reservoir size, a priming procedure was established using a combination of the prime/purge and protocol function of the system software. First, the pump of the dispenser bank was turned on in the prime/ purge routine. Then, a dispense protocol was started to eject 300 µl liquid per channel.
Gravimetric determination of accuracy
To determine the average delivery volume (V av ) per well of a 384-well microplate, the total weight (W tot ) of an aqueous sample was determined gravimetrically using a Mettler AT250 analytical balance. To reduce the measurement error of weighting, repeated dispensing steps were deposited into a preweighted 384-well microplate. In the low-volume range (0.2-1 µl), each dispense step was carried out 5 times, and in the volume range greater than 1 µl, each injection was repeated 3 times. From the obtained data, the mean volume per well was calculated:
where N is the number of wells and n is the number of repeated dispense processes. The density ρ of the aqueous solution was set to 1 kg/l. The determined V mean values were compared with the theoretical volumes (V o ), and the accuracy (% bias) was calculated:
Fluometric measurement of precision
A 10-mM fluorescein dye stock solution in 100% DMSO was diluted to 0.3 µM fluorescein in 0.01 M NaOH. To test the precision of the FlexDrop™, different volumes (0.2-10 µl) of 0.3 µM fluorescein solution was dispensed into black Greiner 384-well microplates. Before measuring, each well was filled with up to 50 µl 0.01 M NaOH, and the plates were incubated at room temperature for 20 min. Afterward, the plates were measured on a Molecular Devices Acquest™ fluorescence plate reader. The obtained fluorescence values were used to determine the median fluorescence (fl) of the plate and the corresponding standard deviation (σ). Precision was calculated as the percentage coefficient of variation (%CV) using the following equation: precision (%CV) = (σ/fl) × 100.
TR-FRET tyrosine kinase assay
Buffers. The buffers were prepared as follows: assay buffer, 25 mM HEPES pH 7.4, 5 mM MgCl 2 , 1 mM MnCl 2 , 2 mM DTT, 0.1 mM Na 3 VO 4 , 10% (v/v) glycerol; stop/detection buffer, 50 mM HEPES pH 7.4, 0.2% BSA, 0.1 M EDTA pH 8.0.
Assay protocol. The kinase reaction was carried out in 3 µl assay volume. Therefore, 1.5 µl enzyme mix (0.46 µg/ml kinase, 0.003% NP-40 in assay buffer) and 1.5 µl substrate mix (1.56 µg/ ml poly-GT, 0.2 µM ATP in assay buffer) were dispensed into black Greiner 384-well small-volume plates using the PerkinElmer FlexDrop™. The mixture was incubated for 10 min at room temperature, and the reaction was terminated by the addition of 2.5 µl stop/detection mix, containing 1.6 µg/ml SAXL665 excellent (CIS bio international, France) and 0.125 µg/ml PT66 (Wallac, Turku, Finland). After 1 h incubation at room temperature, the microtiter well plates were measured on a BMG Rubystar using the following parameters: 10 flashes, 50 µs integration delay, and 400 µs integration time (Fig. 4A) . To calculate the signal-tobackground ratio and Z′ factor, 16 negative controls (assay reaction without enzyme) were included in the last column of the 384well microplate.
RESULTS AND DISCUSSION
Using internal reservoirs, system dead volume is reduced by a factor of 5
The PerkinElmer FlexDrop™ Precision IV is a noncontact bulk dispenser system with a dynamic dispense range from 0.2 to 2000 µl for use with all common microtiter well plate formats. This liquid-handling device contains 4 independent dispenser banks, each consisting of 8 solenoid-driven valves. Each array of 8 valves is connected via long tubing to the external reservoir pressure bottles (Fig. 1C) . Before starting a dispensing process, the tubes have to be primed with at least 10 to 15 ml of sample liquid. To reduce the large dead volume of FlexDrop™, internal reservoirs were developed and produced by Schering's TDL ( Fig. 1B; further details are in the "Materials and Methods" section). These reservoirs are directly connected to the dispenser banks via exchangeable adaptors (Fig. 1C) replacing the long tubing. Experimental data showed that the prime volume can be decreased to 2 to 3 ml by using internal reservoirs. For the priming process, a protocol has been established that substitutes the standard priming procedure being included in the FlexDrop™ system software (for further details, see the "Materials and Methods" section).
Internal reservoirs preserve liquid-handling quality parameters
To answer the question whether a changed liquid pathway of the modified system influences the precision and accuracy of the FlexDrop™ system, external and internal reservoirs were tested by dispensing sub-and low-microliter volumes into 384-well microplates.
The precision of the modified FlexDrop™ was checked by dispensing volumes between 0.5 and 5 µl of a fluorescein dye solution into each well of a complete 384-well microplate. The filled microplates were measured on an Acquest™ fluorescence reader, and the corresponding CVs of the microplates were calculated.
Reducing Dead Volume of a Standard Dispenser System
These data demonstrated that the internal reservoirs have no influence on the precision of the dispenser system in comparison to the unmodified system, being reflected by CVs of less than 5% in a volume range of 0.5 to 5 µl ( Fig. 2A) . Furthermore, the determined fluorescence intensity values of different fluorescein volumes showed a high linear correlation (R 2 = 0.9966; Fig. 2B) . The plate overviews are marked by a regular distribution of the fluorescence values without any outlier (Fig. 2C) . This experiment proved that the usage of internal reservoirs preserves precision of the FlexDrop™.
To analyze the accuracy of the system, volumes in the range of 0.2 to 10 µl were dispensed into a 384-well microplate, and the corresponding weight was gravimetrically determined. This analysis showed that usage of internal reservoirs increases the dispensed volume in comparison to external reservoirs (Fig. 2D) , resulting in accuracy values between 4% and 15%. The direct connection of internal reservoirs to the dispenser combs changed the liquid pathway of FlexDrop™ in comparison to the original instrument with long tubing. Possibly, the modification altered the pressure ratio above the solenoid valve causing an increased accuracy. To solve this problem, a standard curve of each dispenser bank was measured in the volume range of 0.2 to 10 µl, allowing for the adaptation of the delivered volume to the theoretical volume; for example, to dispense 2 µl per well, 1.7 µl has to be programmed in the protocol (Fig. 2E) . This measure improves accuracy to within 5% for the analyzed volumes (Fig. 2D) .
To check whether the filling height of the reservoirs changes quality parameters'accuracy and precision, a set of thirty-five 384well microplates containing 2 µl fluorescein solution per well was generated. Accuracy and precision of every 5th plate were analyzed as mentioned before. In summary, accuracy (Fig. 3A) and precision (Fig. 3B) remain constant independent of the filling height of the reservoir, displayed by a constant total weight of the dispensed plates and CVs of 4% over the 35-plate production series.
Using the modified dispenser system, a miniaturized TR-FRET assay was performed displaying a constant high assay quality
In the last experiment, a TR-FRET kinase assay in 3 µl reaction volume was performed by using the modified FlexDrop™ system. Two additions of 1.5 µl were dispensed into a 384-well microplate, and the enzymatic reaction was stopped by adding 2.5 µl stop/ detection solution (Fig. 4A) . The quality of the dispensing process was monitored by determining the signal-to-background ratio and Z′ factor of kinase reaction. The TR-FRET assay displayed a high assay quality over the test run of ten 384-well microplates, reflected by a constant signal-to-background ratio of approximately 15 and Z′ factors of approximately 0.8 (Fig. 4B) . The obtained assay quality data demonstrated a high robustness and reliability of the dispensing process being comparable to assay runs, which were performed on the original instrument (data not shown). This result was further confirmed by the analysis of the plate overviews at the beginning and end of the assay run. Both plate overviews were characterized by 1) a low variation of the well values to the plate median value and 2) no visible outliers. The usage of the modified dispenser for an HTS campaign (1 million data points) of the chosen TR-FRET assay would lead to a 25% reduction of reagent costs.
CONCLUSIONS
In our article, we present a simple and cost-efficient modification of a standard liquid-handling device to decrease the dead volume by a factor of 5. These internal reservoirs were developed at Schering and are directly connected to the dispenser banks of the instrument without the usage of long lengths of tubing. This modification offers the possibility to gain increased cost savings from miniaturized HTS assay formats. In principle, the idea of directly connected reservoirs to the dispenser bank is applicable for liquidhandling systems using pressure bottles and tubing connections such as Deerac Latitude. The evaluation data of the modified FlexDrop™ indicated that precision of the system is preserved. The absolute delivered volumes are increased and have to be adapted by a standard curve to obtain the exact volumes. Both liquid-handling parameters, accuracy and precision, are independent from filling height of internal reservoirs.
The test of internal reservoirs in a miniaturized TR-FRET kinase assay demonstrated that the modified FlexDrop™ displayed a high robustness and reliability under HTS conditions. Because the evaluation phase was completed 5 months ago, the modified FlexDrop™ system has been used routinely in our daily HTS work. Because of the low dead volume, internal reservoirs are very suitable for applications using plate numbers between 3 and 50 microplates, such as in the assay development process and HTS campaigns being performed in a workstation approach. Especially in the latter case, reagent cost savings of up to 25% can be obtained by using a modified system in comparison to the original instrument.
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